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Silica/Electro-optic Polymer Optical Modulator for
MMW Receiving

Oscar D. Herrera, Kyung-Jo Kim, Ram Voorakaranam, Member, IEEE, Roland Himmelhuber, Shiyi Wang,
Qiwen Zhan, Li Li, Robert A. Norwood, Member, IEEE, Robert L. Nelson, Jingdong Luo, Alex K.-Y. Jen, and
Nasser Peyghambarian

Abstract—A silicalelectro-optic (EO) polymer phase modulator
is proposed for millimeter-wave (MMW) radiation receiver with
the use of a bowtie antenna. Waveguide design optimization is
presented for a waveguide with an EO polymer core and silica/sol-
gel cladding. Electrode effects on the insertion loss and poling
efficiency are also analyzed and conditions for low-loss and high
poling efficiency established. The bowtie antenna is simulated
and shows a broadband response with a maximum at 5GHz
and a 3dB-bandwidth of approximately 12GHz. A fiber splicing
technique is presented that reduces coupling loss between SMF-28
and the waveguide. Experimental results for a fabricated device
with MM W-response between 10-14GHz are shown with carrier
to first sideband intensity difference of up to -36dB.

Index Terms—electrooptic modulators, optical waveguides, op-
tical polymers, millimeter wave detection

I. INTRODUCTION

HE detection of high frequency electromagnetic fields,

in particular millimeter-wave (MMW), has been heavily
studied for wireless data transfer. Currently, various horn
antennas for the detection of near-field signals are used as
probes [1]. These are purely electronic techniques, that are
limited by their large metallic structure and the coaxial cables
used to connect them which can introduce noise. Furthermore,
their large size is a limiting factor for their incorporation into
small equipment and large arrays with sufficient sensitivity for
passive imaging.
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To circumvent these issues, photonic techniques for detec-
tion of MMW signals have been proposed. In many cases
they incorporate the use of LiNbOs-based optical waveguide
modulators as probes. The measurement techniques include
direct intensity modulation by the incorporation of a Mach-
Zender modulator design [2] or measurement of the optical
power of the sidebands on the optical input which correlate
with the power of the MMW radiation driving the phase
modulator [3]. The detection and driving mechanism can be
a horn-antenna [4], [5] or embedded antenna with coplanar
waveguide electrodes fabricated on the EO crystal substrate
(6], [7], (8], [9].

Polymer-based EO modulators are capable of ultrafast mod-
ulation with bandwidth up to 1.6THz [10] because of their in-
trinsically fast electronic response. In the hybrid polymer/sol-
gel device approach, an in-device EO coefficient (rss) as
large as 170 pm/V has been achieved [11], as well as highly
efficient, sub-volt drive voltage [12], [13]. Furthermore, thin
film EO polymers can be spun onto any desired substrate
which is advantageous in cases such as ion-exchange glass
waveguides for low insertion loss [14] or silicon for silicon
photonics integration [15]. For the case of RF detection, a
low-k dielectric substrate is desired to provide low MMW
signal distortion. Also, the size of the antenna is o< 1/ A/ Eefts
therefore, a low-k substrate would allow for a larger antenna
and higher received power.

In this paper we present a MMW receiver that uses a sil-
ica/EQ polymer phase modulator with pigtailed optical fibers.
We propose waveguide and electrode designs for enhancing
the electro-optic effect and achieving low metal absorption of
the optical carrier. Bowtie antenna simulations are shown to
demonstrate the expected field enhancement of the device. A
novel fiber splicing technique is presented to reduce coupling
loss between SMFE-28 fiber and the waveguide. A pigtailed
device is fabricated and tested with MMW-response between
10-14GHz. This device requires no complex fabrication tech-
niques, it is compact and is the first EO polymer-based MMW
receiver to our knowledge.

II. SIGNAL CONVERSION

Most electro-optic modulators rely on the change of the
refractive index produced from the application of an electric
field[16]. The change in index is proportional to the applied
electric field (Pockels effect). The applied field on an EO
polymer thereby modifies the incident polarized light passing

1
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through it by inducing a phase change. The induced index
change, An(t), by an applied voltage, V (¢), in an EO polymer
waveguide is defined as,

Yo

: M

1
An(t) = irggnZ’ﬂI‘
where r33 is the electro-optic coefficient, neg is the effective
refractive index of the propagating mode, I' is the overlap
integral factor defined as the convolution of the guided mode
with the applied electric field in the EOQ material, and d is
the electrode separation. The net phase change, A¢, for a
modulator of length L is

L
Ag(t) = 2mAn(t)5, @
where A is the wavelength of the optical signal in the EO
polymer waveguide. Assuming that the output optical field,
Ey, undergoes a sinusoidal modulation voltage at a frequency

wm, then the output optical field can be expressed as [17],

Ey E; expli(wot + A¢)]

E; expli(wot + m cos(wmt))],

€)

where F; is the input optical field and m is the modulation
index defined as,

Vin
v

m=m @
where V,, is the peak modulation voltage and V/; is the voltage
necessary to induce a full = phase shift and is defined by the
properties of the modulator as,

_ )\Sd - 5

T33Neg

In the frequency domain, the drive voltage perturbs the
optical spectrum characteristics of the output signal. Through
Fourier analysis [17] one can derive the output intensity in
the frequency domain. The resulting spectrum consists of a
carrier component and an infinite number of sidebands all
related to different order Bessel functions. The first sidebands
are located to the red and blue of the optical carrier frequency
with the shift being given by the driving frequency of the
modulator w,,. Because we are interested in the detection of
small modulation signals (m < 1), a small signal approxi-
mation and Taylor expansion to the first order may be used
and the intensity of the first order sidebands (Irpsp) can be
approximated as,

m)g

2
From (4) and (6), it can be inferred that the intensities of
the first order sidebands are directly proportional to V,. In
the case of an EO modulator used as a MMW receiver, V,,, is
related to the intensity of the MMW signal detected by the an-
tenna. Therefore, one could define a conversion efficiency of a

MMW phase modulator receiver as the difference between the
intensities from the carrier component and the first sidebands.

Irse = Ii( ©

Sol-gel

Gold

Fig. 1. Silica/EO polymer waveguide design. Waveguide width and EO
polymer thickness of the core are 3.5pum. The center of the waveguide is
defined by the black asterisk (z = 0).

III. MODULATOR DESIGN

A. Waveguide

Our waveguide design for 1550nm light comprises an EO
polymer as the core (n ~ 1.7) and silica as the bottom and
side cladding (n = 1.44). Silica was chosen over silicon as a
substrate because of its dielectric constant is much lower than
silicon’s. Even though silicon is the most common substrate
for integrated optics, its high dielectric constant (eg; ~ 12
at microwave frequencies) can result in large reflections of
the MMW signal of interest, while silica’s lower dielectric
constant (esio, ~ 3.9 at microwave frequencies) results in
much lower reflections.

The design is shown in Fig. 1. The waveguide is composed
of a 1ym deep trench in the silica substrate with 3.54m
thick EO polymer as the core (2.5x4m away from the trench).
The top cladding is composed of 10xm of in-house sol-gel
(n = 1.486). Waveguide simulations were performed using
commercial software Fimmwave 5.1. The waveguide main-
tains single mode propagation for waveguide widths < 4.5pm.
For a waveguide width between 2.5 — 4.5um the mode field
diameter was within 4.8 — 4.5pm, the TE confinement was
~ 0.99 and n.g was between 1.683 and 1.685. The electric
field of the TE mode for the proposed design is shown in
Fig. 2. The mode field diameter is 4.55pm.

1
08
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0
-10 -5 0 5 10

X coordinate [um]
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N £ =23 o]

ro

Fig. 2. Electric field of a TE mode in the silica/EO polymer waveguide. The
waveguide width is 3.5m and trench depth is 1pm.
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Fig. 3. Electrode design for MMW antenna with electrode length L =
1.2mm, width w = 10pm, and separation d = 10gm.

B. Electrode Design

The MMW to light wave conversion is attained through
an optical phase modulating process. To efficiently convert
MMW signals, the EQ polymer must be properly poled
such that the largest electro-optic effect is achieved. This
design requires a coplanar-strip electrode geometry for both
poling the polymer and the MMW-optic field conversion. The
electrodes are symmetrically connected to the tip of the bow-
tie antenna as shown in Fig. 3. The electrode length is 1.2mm,
width is 10pm and separation is 10pm. Optical loss due
to the metal (gold) absorption was simulated with respect
to electrode separations for different waveguide widths. The
electrode thickness was 2um and length L = 1.2mm. Losses
due to electrode absorption improved as the waveguide width
was increased and also as the electrode separation increased.
For electrode separation d > 7pm the electrode loss was
< 0.1dB for waveguide widths ranging from 2.5-4.5pm.

Simulations of the DC electric field between the electrodes
were conducted using COMSOL 4.3a. Fig. 4 displays the
DC field between two electrodes separated by 10xm with the
waveguide in the center. The scale of the field is normalized
to the effective field expected from a microstrip geometry for
electrodes with equivalent electrode separation. In a microstrip
geometry, the expected field between the electrodes is the

10 1
8
0.8
6
4 ‘ 0.6
JI— |
0.4
- 0.2
0
4 3 2 1 0 1 2 3 4

X coordinate [um]

Y coordinate [um]
< [

N

&

Fig. 4. Simulated DC field between 10um separated electrodes. Electrode
thickness is 2pm.

TABLE I
MATERIAL PROPERTIES FOR DEVICE

Material Values
SEO100 EO polymer

- Refractive index (TE poled) 13

- Dielectric constant, ego 3.2

- Thickness(in waveguide region) ~ 3.5pum
95/5 Sol-gel

- Refractive index 1.486

- Dielectric constant, e (at 10GHZ) ~4

- Thickness 10pm
Fused Silica

- Refractive index 144

- Dielectric constant, esio, 4

- Etch depth 1pm

applied voltage divided by the separation (i.e. as in a simple
capacitor). One can see that the field within the EO polymer
region is relatively uniform to ~70% of an equivalent mi-
crostrip in this electrode configuration. This field uniformity is
beneficial to both the effective index change and the poling of
the polymer. Table. I reviews all the thickness and refractive
index parameters for the waveguide design as well as some
material properties.

IV. ANTENNA DESIGN AND MODELING

A bowtie antenna design was used to receive the MMW
radiation with the dimensions shown in Fig. 5. A three-
dimensional finite-element-method (COMSOL Multiphysics)
model is built to study the RF response of the bowtie antenna
integrated with the EO polymer/silica waveguide. An RF plane
wave polarized in the y-direction (see Fig. 1) illuminates the
structure at normal incidence from the sol-gel side. The field
enhancement (FE) factor is defined as the resonant electric
field inside the gap region divided by the incident field. Fig. 6

=

10mm

50
40
300
20
10

0
0
0
0

10mm

Fig. 5. Bowtie antenna design with dimensions. A top view of the field
enhancement distribution near the gap region at the EO polymer/silica
substrate interface (z = 0) is shown in the inset.
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Fig. 6. Field enhancement factor monitored at the center of the EO polymer
waveguide versus the input RF frequency showing an extremely broadband
response with peak at 5 GHz.

shows the FE factor measured at the center of the waveguide
(black asterisk in Fig. 1) versus the RF frequency. These
simulation results show that the compressed RF radiation is
enhanced by a factor of 450 at 5 GHz and by a factor of 300
at 10 GHz inside the EO polymer waveguide. An RF 3dB-
bandwidth of approximately 12 GHz is also observed. It should
be noted that the FE factor would be much higher (>1000) at
regions close to the corners of electrodes. However, the overlap
between the enhanced RF field and the optical mode will
mainly occur in the center region of the gap. Consequently,
we choose the FE factor in the center of the EO polymer
waveguide to characterize the device performance.

The electric field pattern at 5 GHz across the entire bowtie
antenna was also simulated and a dipolar type resonance was
clearly identified. The FE distribution within the antenna gap
region at the 0 plane is shown in Fig. 5[inset], and
demonstrates a fairly uniform FE distribution for the area
where most of the overlap with the optical mode will occur.
Fig. 7 shows the FE factor profiles for both 5 GHz and 10
GHz across the device in the vertical direction (along the
z-axis through the black asterisk of Fig. 1). It can be seen
that the FE factor is the highest in the plane of the bowtie
antenna electrodes and decreases away from it. Thus it would
be beneficial if the optical mode profile is designed to be closer

650
600! | = 5GHz
. 550t
= [
o
g 500 -
2
8 450 + 4
S -y
o 400} T N
3 - ~
& 350! D
silica ’a' EO-Polymer Sol-gel / Gold | Sol-gel
I
L
250 = i L L L
-2 -1 0 1 2 3 4 5 6
Z(um)

Fig. 7. Field enhancement profiles at 5 GHz and 10 GHz across different
layers at the center of the device.

SMF-28

HI1060 UHNA7

Fig. 8. Modeled light propagation from SMF-28 to UHNA7 fiber

to the EO polymer/sol-gel interface.

V. FIBER COUPLING

Fiber coupling simulations using Fimmwave were con-
ducted for the waveguide using SMF-28 (mode field diameter
of ~10.5um). The use of SMF-28 would result in a coupling
loss of ~3dB per interface (total of ~6dB) due to the mode
diameter differences between the waveguide and fiber. High
numerical aperture fibers, such as UHNA7 (mode field di-
ameter ~3.2um), give lower coupling losses per interface to
resulting in total coupling loss of 1.6dB. A robust fiber splicing
approach to transition from SMF-28 to UHNA7 using HI-1060
fiber was developed with a total transition loss of about 0.4dB.
This approach is modeled in Fig. 8. By adopting this transition
method the total coupling loss is reduced to ~2.4dB.

The fiber transitions were fabricated and tested using
UHNAT1 high NA fiber [Thorlabs] with a mode field diameter
of 4.8 at 1550nm. This high NA fiber was used in order to
overlap better with the waveguide mode size. A loss of ~0.5dB
was measured for a transition from SMF-28 to UHNAIL. The
packaging approach assumes that the antenna device will be
diced using a special glass foot for support. Optimized UV
epoxies are used to attach the glass ferrule to the chip. These
UV epoxies have been shown to withstand high optical power
(> 100mW) in previous measurements.

VI. EXPERIMENT
A. Fabrication

A fused silica wafer with a thickness of 500xm was used
as the waveguide substrate. A 2.5um wide waveguide trench
was exposed on the wafer through UV-lithography using a
Karl Suss MA6 mask aligner and S1813 photoresist. The
exposed areas were etched by reactive ion (RIE) etching using
an Oxford Plasma 100 RIE and CFj gas. The photoresist
was later removed with acetone and cleaned with isopropyl
alcohol. Before spinning the EO polymer, an adhesion pro-
moter is needed to improve adhesion between the EO poly-
mer and the silica substrate. The adhesion promoter is 3-
aminopropyltrimethoxysilane and had a thickness no greater
than 10nm. This made a significant improvement in the
handling of the samples during later fabrication processes. The
samples were spun with EO polymer SEO100 (from Soluxra)
for a thickness of 2.5pm. These samples were then dried at
80°C under vacuum for 16 hours.

4
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Fig. 9. Pigtailed antenna with UHNA1-SM28 transition fiber.

To fabricate the antenna, the samples were evaporation
coated with Ti/Au (20nm/100nm) as the seed layer for electro-
plating. The bowtie antenna was patterned using the MA6 and
AZ P4620 photoresist. 2 — 2.5um of gold were electroplated
onto the sample using a non-cyanide gold solution (Techni-
Gold 25ES) at a temperature of 60°C with a current density
of 1 mA/cm for 20-30 minutes. The photoresist was removed
using PG remover (Microchem) and the seed layers were
wet-etched using commercially available etchants (Transene).
Before spinning the top cladding layer, a second adhesion
promoting layer is added. The top cladding is composed of an
in-house sol-gel called 95/5 [11]; it is spun onto the sample and
UV cured with a 10um thickness. Sol-gel is used to prevent
material breakdown during poling and also raises the optical
mode closer to the electrodes to improve the antenna’s field
enhancement.

The sample was diced to a total length of about 1 x 1cm and
insertion loss measurements were conducted before poling.
A lensed fiber was used to couple into the waveguide and a
microscope objective was used to couple out of the sample into
a power meter or IR camera. The insertion loss of the device at
1550nm wavelength was measured to be 14dB for TE mode.
During poling, the antennas were used as the contacts. Poling
was performed under a nitrogen atmosphere with an applied
voltage of 525V for 7pm electrode separation to a maximum
temperature of 127°C. The electrodes separation was narrower
than designed due to over-exposure of the electroplating
photoresist. The insertion loss after poling was 22dB for TE
mode. We have previously observed an increase in insertion
loss due to poling (5-10dB) [15] and a suggested cause is
space-charge-induced inhomogeneous field distribution during
poling [18]. The decreased electrode separation could also
have led to increased loss from the electrodes. The sample
was then pigtailed with the UHNA1-SM28 transition fiber for
a total device insertion loss of ~28dB.

B. Measurement and Result

The performance of the fabricated device was measured
using the setup shown in Fig. 10. The device is connected
to a 1550nm semiconductor laser and the output signal is
connected to an optical spectrum analyzer (OSA). A MMW

MMW- MMW

Amplifier

Horn
Antenna

[ ]

2

A~

Sample

Laser PC OSA

Fig. 10. Experimental setup for measuring SiO2/EO polymer sensors. Laser-
to-sample-to-OSA are all connected by optical fibers (blue line). SG, signal
generator; PC, polarization controller; OSA, optical spectrum analyzer.

signal is created by a MMW signal generator which is then
amplified and radiated with a horn antenna. The horn antenna
(Mi-Wave) operates in the X-band at I0GHz and is positioned
such that it radiates the MMW signal normal to the plane
of the device. The distance between the horn and the device
was 12 inches. The OSA (Yokogawa AQ6370C) has a 0.02nm
resolution and a noise floor of -90dBm. A fiber polarization
controller (PC) is used before the device to attain TE input
for efficient MMW-optical signal conversion.

Typical spectra for the optical signal are shown in Fig. 11.
The spectra are for the cases of no MMW signal irradiating
the sample (blue dashed) and with a 11GHz MMW signal (red
solid). The spectra are plotted over a shifted frequency defined
as d = f — fo, where fy is the optical frequency of 1550nm
light. We found that MMW signals < 10GHz would generates
sidebands well within the laser bandwidth and were not visible
by the OSA. This prevented us from seeing the sidebands
at the simulated optimized signal of SGHz. The device was
able generate sidebands for MMW signals ranging from 10-
14GHz. No sidebands were visible for frequencies > 14GHz.
Since the sidebands were within the bandwidth of the laser,

-30

-50

dBm

-70

5 (GHz)

Fig. 11. OSA output for the fabricated device with no incident MMW
radiation (blue dashed) and with 11GHz radiation (red solid).
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Fig. 12. Measured conversion efficiency (in dB) with respect to incident
MMW signal.

the carrier spectrum was subtracted to the spectra collected at
the different MMW signal to gather a corrected Irsp. The
peak difference between the carrier and the sidebands were
calculated as a measure of the conversion efficiency of the
device and is plotted in Fig. 12. The conversion efficiency
reduces as the MMW frequency increases which correlates
with the enhancement factor performance of the bowtie an-
tenna as seen in Fig. 6. The conversion efficiency is between -
33dB and -46dB for MMW signals in 10-14GHz range. To test
the performance of the horn antenna at these frequencies, we
replaced our device with a second horn antenna with the same
specification and connected to a network analyzer. The signal
was relatively uniform and clearly not a significant contributor
to the observed frequency dependence.

VII. CONCLUSION

In this paper, we have presented the design, fabrication,
and characterization of a silica/EO polymer phase modulator
with an embedded bowtie antenna used for MMW receiving.
The device is fabricated on silica for low RF reflection
and high sensitivity. The bowtie antenna design simulations
showed extremely broadband response and correlates well
with measured data. This is the first MMW modulator re-
ceiver to incorporate EO polymer as the active material.
The device is compact, pigtailed with SMF-28 fiber for ease
of integration, and requires only straightforward fabrication
techniques for both the waveguide and the electrodes. This
device presents itself as an initial benchmark for future EO
polymer-based MMW receivers and displays potential for a
wide range of MMW detection due to its intrinsically fast
electronic response. The device’s applications can range from
RF photonic links, electromagnetic field measurement, phased
array radar, and radio-over-fiber technology. Future work will
focus on reducing the insertion loss and further increasing the
sensitivity.
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LIST OF ACRONYMS, ABBREVIATIONS, AND SYMBOLS

Acronym Definition

EO Electro-optic

MMW Millimeter-wave

RF Radio Frequency

FE Field Enchancement

RIE Reactive lon

OSA Optical Spectrum Analyzer

CIAN Center for Integrated Access Networks
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